M aterials with spin-polarized conduction electrons are of considerable interest in magnetic and electronic materials' research and for technological applications such as spin-polarized field emission and spin-polarized tunnelling devices 1 . The Heusler alloy NiMnSb was the first predicted half-metallic ferromagnet 2 , and the oxides CrO 2 (refs 3,4) and Fe 3 O 4 (refs 5,6 ) also have half-metallic electronic structures and were intensively investigated. Discovery of colossal magnetoresistances in perovskite (for example, La 1 À x Sr x MnO 3 ) and pyrochlore (for example, Tl 2 Mn 2 O 7 ) manganese oxides cast further light on the importance of strong correlations of spins and electrons in half-metallic transition metal oxides [7] [8] [9] [10] . In the holedoped Mott insulator La 1 À x Sr x MnO 3 , double exchange between Mn 3 þ and Mn 4 þ mediated by the itinerant holes results in ferromagnetic spin ordering [11] [12] [13] and a half-metallic electronic band structure 14, 15 . The high spin polarization of conduction electrons enabled novel spintronic devices to be developed, for example, a spin-dependent tunnelling trilayer structure where tunnelling conduction depends on the spin polarization of two electrodes [16] [17] [18] . This leads to large tunnelling magnetoresistance (TMR) in a low magnetic field, which can be exploited in highperformance magnetic sensors and extremely high-density memories. Although a large TMR was observed in such trilayer devices at low temperatures, the TMR ratio became small at room temperature because the degree of spin polarization decreases significantly near the magnetic transition temperature. Materials that have highly spin-polarized conduction electrons at room temperature and hence a magnetic transition temperature well above 300 K are therefore very desirable for further spintronic developments.
Transition metal oxides with an ordered double-perovskite structure A 2 BB 0 O 6 , where the transition metal ions B and B 0 are arranged alternately in a rock-salt manner [19] [20] [21] , are useful materials for spintronic applications 22, 23 . An important example is Sr 2 FeMoO 6 , which is half-metallic and shows substantial TMR at room temperature 24 . The B-site Fe 3 þ (3d 5 , S ¼ 5/2) and the B 0 -site Mo 5 þ (4d 1 , S ¼ 1/2) spins couple antiferromagnetically, leading to ferrimagnetism. Below the magnetic transition temperature (T c ¼ 410 K) only the minority-spin bands, which mainly consist of Fe 3d t 2g and Mo 4d t 2g orbitals hybridized with O 2p orbitals, cross the Fermi level (E F ), producing spin-polarized conduction electrons. A recent Monte Carlo study of Sr 2 FeMoO 6 showed that the electron spin polarization is proportional to the core spin magnetization and depends on temperature and disorder 25, 26 . We have explored a strategy for enhancing spintronic properties relative to double perovskites by introducing further magnetic cations that can participate in a 1:3 order at the A sites, leading to the discovery of a new A-and B-site ordered quadruple perovskite oxide with large magnetization and a high magnetic ordering temperature.
The A-and B-site-ordered quadruple perovskite-structure oxide is derived from the A-site-ordered perovskite with general formula AA [31] [32] [33] . In the present study we prepared an AA (10 GPa) and high temperature (1400 K), as described in Methods. The sample was confirmed from synchrotron X-ray diffraction (SXRD) to be single phase and crystallized in a cubic 2a 0 Â 2a 0 Â 2a 0 A-site-ordered perovskite structure. (a 0 E4 Å is the lattice constant of a simple perovskite ABO 3 .) Observation of (h k l) reflections with odd h, k, l values evidences rock-salt-type ordering of the B and B 0 cations with Pn 3 space group symmetry. These B-site-ordering superstructure SXRD peaks were found to be broad compared with the fundamental reflections (which have even values of h þ k þ l). This shows that the B-site Fe/Re ordering does not extend over the full scale of the crystallites, and the Fe/Re ordering coherence length was estimated to be E140 nm (190 unit cell lengths) from modelling the broadening with a Scherrer term in the Rietveld fit. No apparent oxygen off-stoichiometry was observed and the oxygen site occupancy was set to be unity in the refinement. The high X-ray scattering contrast between Fe and Re enabled precise B-site occupancies to be determined, from which a small inversion disorder of 6.2(1)% was found. The SXRD structure refinement thus confirms that CaCu 3 Fe 2 Re 2 O 12 has the quadruple perovskite structure with well-ordered A-and B-site cations. The fit is shown in Fig. 2 and the refined structure parameters and bond distances are listed in Tables 1 and 2 .
Four of the 12 Cu-O distances are short, 2.006(5) Å, revealing the square-planar coordination of oxygen around the A 0 site, and the resulting distortion leads to heavy tilting of the FeO 6 and ReO 6 octahedra. The cation valence states estimated from the observed cation-oxygen bond distances by a bond valence sum method 37 are shown in Table 2 
are respectively predicted to give 11, 9 or 3 m B f.u. À 1 . The observed saturated magnetization of 8.7 m B f.u. À 1 is thus close to the ferrimagnetic
Ferromagnetic coupling between Cu 2 þ and Fe 3 þ moments was confirmed by magnetic circular dichroism (MCD) intensities from X-ray absorption spectroscopy (XAS) measurements at 15 K, as shown in Fig. 4 with B-site Fe 3 þ as well as with the B 0 -site Fe 5 þ spins (Fig. 5c) Fig. 6 . The electronic band structure has a large gap in the up(majority)-spin bands and only down(minority)-spin bands of mainly Re 5d hybridized with O 2p states cross the Fermi level (E F ). In contrast, Ca 2 FeReO 6 is predicted to be an insulator with gaps at E F for both majority-spin and minority-spin bands and does not show metallic conductivity 47, 52 .
Resistivity and magnetoresistance measurements on a ceramic pellet of CaCu 3 Fe 2 Re 2 O 12 are shown in Fig. 7 . The resistivity is near 10 mO cm at room temperature and the observed slight increase on cooling (inset of Fig. 7a) (ref. 38) . Spin-polarized conduction is revealed by the decrease in low-temperature resistivity of the sample under magnetic fields with a sharp low-field magnetoresistance contribution at magnetic fields o3 kOe. This is indicative of spin-dependent tunnelling of spin-polarized conduction electrons through grain or domain boundaries 53 . Close inspection shows that the hysteresis in low-field magnetoresistance slightly differs from that in the magnetization, as the peak-to-peak magnetoresistance separation does not coincide with the coercive field value (Fig. 7b) . The behaviour is similar to that observed in halfmetallic Sr 2 FeMoO 6 and suggests a spin-valve-type magnetoresistance due to the intergrain tunnelling of spin-polarized conduction carriers 54 Crystal structure analysis. A SXRD experiment was carried out for phase identification and crystal structure analysis. The room-temperature SXRD pattern obtained with a wavelength of 0.498856 Å was recorded on the image plate of a large Debye-Scherrer camera installed at beamline BL02B2 in SPring-8. The powder sample was placed in a 0.1 mm glass capillary tube to minimize absorption and rotated during the measurement. The obtained data were analysed with the Rietveld method by using the TOPAS software package.
Magnetic and transport property measurements. Magnetic properties were measured with a commercial magnetometer (Quantum Design Magnetic Properties Measurement System). Temperature dependence of the magnetic susceptibility was measured at 5-700 K in an external magnetic field of 10 kOe. Field dependence of the magnetization was measured at several temperatures under fields ranging from À 50 to 50 kOe. X-ray MCD spectra were obtained by a total electron yield method from X-ray absorption experiments conducted at beamline BL25SU in SPring-8. The powder sample was pasted uniformly on a sample holder by using carbon tape. The spectra at 15 K were obtained using parallel (I þ ) and antiparallel (I -) photon spins along the magnetization direction of the sample, to which a static magnetic field of 19 kOe was applied. The MCD intensity was defined as the difference between the two absorption spectra (I MCD ¼ I -À I þ ). Transport properties of the sample were measured in a conventional four-probe configuration. The temperature dependence of the resistivity and magnetoresistance were measured under magnetic fields ranging from À 50 to 50 kOe.
Electronic structure calculation. The electronic structure of CaCu 3 Fe 2 Re 2 O 12 was calculated by full-potential linearized augmented plane-wave first-principle calculations with the WIEN2k code. The lattice constant and atomic position parameters obtained from the structural refinement were used for the calculation. The full-potential linearized augmented plane-wave sphere radii for Ca, Cu, Fe, Re and O were respectively 2.0, 1.9, 1.9, 1.9 and 1.60 a.u. An effective U eff ( ¼ U À J) of 4 eV was introduced for B-site Fe and B 0 -site Re. Self-consistency was carried out on 1000 k-point meshes in the whole Brillouin zone.
Neutron powder diffraction for magnetic structure analysis. Neutron powder diffraction from a B0.8 g polycrystalline CaCu 3 Fe 2 Re 2 O 12 powder sample in a 5-mm-diameter vanadium was carried out using the D20 diffractometer at the Institut Laue-Langevin (ILL), Grenoble, France. The diffraction patterns were collected with a neutron wavelength of 2.4194 Å. The crystal and magnetic structures of data collected at 5 K were fitted by the Rietveld method using the General Structure Analysis System software package and the obtained results are shown in Supplementary Fig. S1 and Supplementary Table S1 . Fe/Re inversion was not refined as these two elements have very similar nuclear scattering factors; b(Fe) ¼ 9.5 fm and b(Re) ¼ 9.2 fm.
